This paper continues our effort to study the dynamics of deterministic stresses in a multistage turbomachine using experimental data. Here we focus on the tip and hub regions and compare them to mid span data obtained in previous studies. The analysis is based on data obtained in PIV measurements performed in the second stage of a two-stage turbomachine. A complete data set is obtained using blades and fluid with matched optical index of refraction. Previous measurements at mid span have shown that at mid span and close to design conditions, the deterministic kinetic energy is smaller than the turbulent kinetic energy. The primary contributor to the deterministic stresses at mid span is the interaction of a blade with the upstream wakes. Conversely, we find that the tip vortex is the dominant source of phasedependent unsteadiness and deterministic stresses in the tip region. Along the trajectory of the tip vortex, the deterministic kinetic energy levels are more than one order of magnitude higher than the levels measured in the hub and mid-span, and are of the same order of magnitude as the turbulent kinetic energy levels. Reasons for this trend are explained using a sample distribution of phase-averaged flow variables. Outside of the region affected by tip vortex transport, within the rotorstator gap and within the stator passages, the turbulent kinetic energy is still 3-4 times higher than the deterministic kinetic energy. The deterministic and turbulent shear stress levels are comparable in all spanwise locations, except for the wakes of the stator blades, where the turbulent stresses are higher. However, along the direction of tip vortex transport, the deterministic shear stresses are about an order of magnitude higher than the turbulent shear stresses. The decay rates of deterministic kinetic energy in the hub and mid-span regions are comparable to each other, whereas at the tip, the decay rate is higher. The decay rates of turbulent kinetic energy are much smaller than those of the deterministic kinetic energy. The paper also examines terms in the deterministic kinetic energy transport equation. The data indicate that "Deterministic Production" and a new term, called here "Dissipation due to Turbulence" are the dominant source/sink terms. Regions with alternating signs of Deterministic Production indicate that the energy transfer between the phase-averaged and average-passage flow fields can occur in both directions. The divergence of the PressureVelocity correlation, obtained from a balance of all the other terms, is dominant and appears to be much larger than the deterministic production (source/sink) term. This trend indicates that there are substantial deterministic pressure fluctuations in the flow field, especially within the rotor-stator gap and within the stator passage.
NOMENCLATURE

INTRODUCTION
The "average-passage" RANS equations, introduced first by Adamczyk [1] , enable computations of time-averaged flows within multi-stage turbomachines, while using steady boundary conditions, but still accounting for blade-rows interactions. This approach is especially important as a practical design tool for turbomachines with multiple blade rows and varying number of rotor and stator blades in consecutive stages. In this formulation each blade row has a steady average-passage flow field, which extends from the inlet to the exit of the machine. Neighboring blade rows are replaced with circumferentially uniform systems of body forces, energy sources and (not necessarily uniform) deterministic stresses (Adamczyk [1] , Adamczyk et al. [2] , Adamczyk et al. [3] , Rhie et al. [4] , LeJambre et al. [5] , Busby et al. [6] ). The effects of phase-dependent unsteadiness on the average-passage flow field are accounted for through the deterministic stresses, which must be modeled in order to obtain a closed system of equations. Different models for the deterministic stresses have already been proposed (e.g. Adamczyk [2] , Van de Wall [7] , Meneveau and Katz, [8] , He et al. [9] ). However, unlike RANS closure models, there are no widely accepted and validated modeling tools. To develop such models one requires a database obtained either from experiments or from unsteady RANS involving multi stages. The latter approach introduces uncertainties related to turbulence closure models.
In previous experimental studies, the deterministic stresses have been obtained either by traversing single point sensors (e.g. Prato et al. [10] [11], Suryavamshi et al. [12] [13] ), or by Particle Image Velocimetry (PIV) measurements in quasi 2-D centrifugal pumps (Sinha and Katz [14] and Sinha et al. [15] ). In order to implement PIV in a multistage axial turbomachine, Uzol et al. [16] and Chow et al. [17] recently introduced a facility that enables unobstructed optical access using transparent rotor and stator blades operating in a liquid, which has the same optical index of refraction as the blades. A brief description of this system is provided in the following chapter. Subsequent papers (Uzol et al. [18] and Chow et al. [19] ) provided data on the distributions of phase-averaged and average-passage velocity distributions, along with the deterministic stresses and turbulence parameters in a mid span plane, covering the entire 2 nd stage of a two-stage axial turbomachine. The results showed substantial non-uniformities in distributions of deterministic stresses, which were caused by blade-wake and wake-wake interactions. At mid span and close to design conditions, the turbulent kinetic energy was higher than the deterministic kinetic energy, whereas the Reynolds stresses and deterministic stresses were of the same order of magnitudes, but followed completely different trends.
This paper continues our effort to study the dynamics of deterministic stresses in a multistage turbomachine using experimental data. However, this time we expand to the tip and hub regions. The analysis is based again on two-dimensional PIV measurements performed in three spanwise planes, which cover the entire second stage of a two-stage turbomachine. One plane is located close to the hub, the second is located at mid span, and the third is in the tip region, where the dynamics are dominated by the tip vortex. The data enable us to examine the effects of the tip vortex and hub boundary layer on the phaseaveraged and average-passage flow fields, as well as on the distributions of deterministic stresses. As will be demonstrated, for example, unsteady features of advection of the tip vortex results in very large deterministic kinetic energy. Furthermore, we also examine the decay rates of deterministic kinetic energy along the stator passage, and compare the results to the decay of average-passage turbulent kinetic energy. Finally, after introducing the evolution equations for the deterministic kinetic energy, we compare the magnitudes and spatial distributions of the dominant production and dissipation terms. A balance of all the terms also attempts to determine the effect of divergence in the deterministic pressure-velocity correlations.
EXPERIMENTAL SETUP AND PROCEDURES Facility
The axial turbomachine test facility enables us to perform detailed and unobstructed PIV measurements at any point within an entire stage including the rotor, stator, gap between them, inflow into the rotor and the wake structure downstream of the stator. To generate such data using optical techniques one needs unobstructed view of the entire domain at any phase angle. This unlimited optical access is facilitated using a rotor and stator made of a transparent material (acrylic) that has the same optical index of refraction as the working fluid, a concentrated solution, 62%-64% by weight, of NaI in water. This fluid has a specific gravity of 1.8 and a kinematic viscosity of 1.1x10 -6 m 2 /s, i.e. very close to that of water. Thus, the blades become almost invisible, do not obstruct the field of view and do not alter the direction of the illuminating laser sheet required for PIV measurements. Information related to use and maintenance of the NaI solution can be found in Uzol et al. [16] . The two-stage axial turbomachine shown in Figure 1 has four blade rows. There are 12 rotor blades, each with a chord length of 50 mm, span of 44.5 mm, thickness of 7.62 mm and camber varying from 2.54 mm at the hub to 1.98 mm at the tip. The resulting Reynolds number based on the tip speed and rotor chord length is 3.7x10 5 at 500 rpm, the speed of the present tests. The stators have 17 blades, each with a chord length of 73.2 mm, span of 44.5 mm, thickness of 11 mm and camber of 6.22 mm. The gap between the rotor and the stator is 50 mm. The system is driven by a 25 HP rim-driven motor, which drives the first rotor directly, and the two rotors are connected by a common shaft, supported by precision bearings. More details about the facility can be found in Uzol et al. [16] [18], Chow et al. [17] [19] .
PIV Setup and Experimental Procedure
The measurement domain covers the entire 2 nd stage. Data have been obtained at 500 rpm, for 10 rotor phases, every three degrees of blade orientation, covering an entire rotor blade passage of 30°. In this paper we focus on three spanwise planes (containing the streamwise and lateral velocity components), which are located at 3%, 50% and 90% of the rotor span. At least one hundred instantaneous realizations are recorded for each phase and location. For selected cases we record 1000 images in order to obtain converged statistics on the turbulence. We use a 2kx2k camera and an Nd-YAG laser sheet, and the sample area is 50x50 mm 2 , and each velocity distribution consists of 64x64 vectors. As a result, five data sets at different axial locations are needed to cover the entire 2 nd stage. The sample area (50x50 mm 2 ) covers 124, 104, 92% of the stator pitch and 87, 74, 65% of the rotor pitch at 3, 50 and 90% span locations, respectively. Data analysis includes image enhancement and cross-correlation analysis using in-house developed software and procedures (Roth et al. [20] , Roth and Katz [21] ). Adapting these procedures to the current geometry, including modifications to the image enhancement procedures, and removal of the blade trace/signature prior to velocity computations are discussed in Uzol et al. [16] . Additional details about the PIV setup and data acquisition system can be found in Chow et al. [17] [19] and Uzol et al. [18] . A conservative estimate of the uncertainty in mean displacement in each interrogation window is 0.3 pixels, provided the window contains at least 5-10 particle pairs (Roth et al. [20] , Roth and Katz [21] ). For the typical displacement between exposures of 20 pixels, the resulting uncertainty in instantaneous velocity is about 1.5%. Slip due to the difference between the specific gravity of the particle (1.6) and that of the fluid (1.8) may cause an error of less than 0.2%, i.e. much less than other contributors (Sridhar and Katz [22] ). Uncertainty related to inflow variations and timing errors is estimated to be less than 0.6%.
PHASE-AVERAGED MEAN FLOW AND TURBULENCE
Using the instantaneous measurements, the phase-averaged parameters are calculated using,
where N=100 is the number of instantaneous vector maps for each phase, x and y are the axial lateral coordinates, respectively, and φ is the phase angle. The subscripts i and j take values of 1 and 2, representing the axial (u 1 =u) and lateral (u 2 =v), almost circumferential (although the light sheet is flat) velocity components, respectively. The 3/4 coefficient of k, the "turbulent kinetic energy", is selected to account for the contribution of the out of plane velocity component, assuming that it is an average of the available measured components. The phase averaged flow angle and the z-component of the vorticity are calculated using,
Detailed data and discussions on the characteristics of the phase dependent variations in flow structure and turbulence at the 50% span plane are presented in Uzol et al. [18] and Chow et al. [17] [19] . Relevant phenomena include formation of a lattice of chopped-off rotor/stator wakes, wake-wake and wakeblade interactions leading to wake shearing and kinking, circumferential variations of work input, phase dependent variations in stator blade loading due to wake impingement, etc. In this Section we compare the phase-averaged flow and turbulence in three planes, near the tip (90% span), near the hub (3% span) and at mid span (50%). Figure 2 shows the phaseaveraged distributions of axial velocity (u ), lateral velocity ( v ), absolute velocity magnitude ( r V ), relative velocity magnitude ( r V rel ), turbulent kinetic energy (k) and phaseaveraged vorticity ( ω ) in the three planes, for one of the ten measured phases, t/T=0.0 (T is the rotor blade passing period). Figure 3 presents the vorticity distribution at a different phase in order to highlight certain phenomena, as follows.
Flow in the Tip Region:
The flow field in the tip region (90% span) is dominated by the presence of the tip vortex. The vicinity of the tip vortex is characterized by low relative velocity magnitude (Figure 2d ), high turbulent kinetic energy (Figure 2e ), high lateral velocity (Figure 2b) , and in part, wakelike distribution of vorticity (streaks of opposite signs on opposite sides of the wake, Figure 2f ). The turbulent kinetic energy levels as well as the phase-averaged axial and lateral velocity non-uniformities in the flow field are substantially higher than those at mid-span. The tip vortex starts dissecting the 90% plane to the right (suction side) of the trailing edge of the blade that generates it (e.g. Figure 3 ). The large structures on the pressure side of the blade, which occupy most of the rotor blade passage, are generated by the previous blades. In Figure 2f one can see two such systems, the first near the a.
b. During this interaction the rotor wake (of the subsequent blade) is split, and part of it is entrained by the tip vortex (of the previous blade). The split rotor wake segments merge with the tip vortex in the gap between the rotor and the stator ( Figure  2f ), and the resulting complex structure is transported through the stator passages. Thus, the positive and negative vorticity regions within the stator passage in Figure 2f are, in fact, combined tip vortex and (subsequent) rotor wake. It is not possible to distinguish the individual rotor wakes and the tip vortices in the stator passage once they merge together (unless one performs 3-D velocity measurements). Upstream of the rotor (x<0) and within the rotor passage one can identify the wakes generated by the first stage. At the 50% plane (Figure 2f ), one can see the lower half of a 1 st stage stator wake with positive vorticity at (-0.05, 0.2), and the upper half of the following wake with negative vorticity at (-0.05, 0), as discussed in Uzol et al. [18] . The phase-dependent oscillations of the 1 st stage stator wakes in the tip region are substantial compared to the mid-span, even upstream of the second stage rotor, as is evident by comparing the corresponding vorticity plots in Figures 2 and Figure 3 . At midspan the wakes do not change significantly, whereas at the tip the incoming stator wake is straight at t/T=0.0, and significantly distorted at t/T=0.7, most likely due to the flow field induced by the tip vortex. These periodic fluctuations of the 1 st stage stator wakes become clearly evident when all measured rotor phases are examined as a sequence. The first stage rotor blade row does not generate a tip vortex since it is banded by an external ring containing the permanent magnets of the rim-driven motor, and there is no tip gap. The wakes of the 1 st stage rotor generates inclined vorticity layers with alternating signs (Uzol [18] ). In Figure 2f (50%), the 2 nd stage rotor blade dissects such an inclined wake, creating a layer of negative vorticity on the pressure side of the blade, and positive vorticity on the suction side. Thus, the rotor is engulfed by the 1 st stage rotor wake. Due to spanwise variations in velocity, there are phase differences between the 1 st stage rotor wake at mid span and in the tip region (90%). Consequently, in the tip regions the 1 st stage rotor wake is located upstream of the blade. As a result, the inclined vorticity layers appear to have opposite signs, e.g. there is a positive vorticity layer on the pressure side of the blade in the tip region and a negative vorticity at mid span. The phase lag is also evident in Figure 3 , before the blade interacts with the inclined wakes. At mid span the blade is aligned with the positive vorticity layer with the negative layer slightly downstream, and the rotor blade is about to slice through this wake. In the tip region, the 1st stage rotor wake is located upstream of the rotor blade. There are several possible reasons for delay, such as the effects of the boundary layer on the casing, both within the 1 st stage stator passage and in the gap between stages.
Although the flow field in the tip region is quite complicated, the interaction of the incoming 1st stage stator wakes with the rotor blade and the tip vortex can still be depicted. The upstream stator wakes get chopped off by the rotor blades and then merge with the tip vortex. At t/T=0.0 (Figures 2e and f at 90%), the rotor blade is about to cut through the stator wake. At this instant this stator wake intersects with the tip vortex of the previous rotor blade at (0.09, 0.2). As the wake gets chopped off, the wake segment and the tip vortex merge along the pressure side of the rotor blade, generating concentrated positive vorticity regions, identifiable, for example, in Figure 3 at (0.27,0.06), (0.15,0.24), and in Figure 2f at (0.32,0.12). These high vorticity "blobs" enter the second stage stator passage along the suction side of the stator blade, and eventually become difficult to distinguish from the inclined structures generated by the tip vortices and entrained rotor wakes. These complex interactions near the tip create much wider, inclined patches of high vorticity in the tip region, as compared to the mid-span. Note that these processes are easier to recognize as one examines all the ten phases in sequence (only two sample phases are presented in this paper).
In comparing the vorticity distributions at mid span to the tip region (Figure 2f ), one can also notice that the wake of the previous blade is located further downstream compared to the structures in the tip region. Furthermore, the angle between the wake and the streamwise direction at mid-span is lower than the main orientation of structures in the tip region. These differences are caused by the lower axial velocity (presumably due to the casing boundary layer), and higher lateral velocities just downstream of the rotor blade in the tip region. As the tip vortex is transported in the rotor-stator gap, its advection angle is initially very steep, about 60° at x/Ls<0.2. However, as it gets 3% 50% 90% closer to the stator row, its advection angle decreases to about 40°, at x/Ls>0.25. The orientation of structures in the tip region remains higher than that at mid span throughout the entire stator passage.
The vorticity contours at the 90% span in Figure 2f also reveal a wake-like zone just above (pitchwise) the 2nd stage stator wake. The positive vorticity layer can be seen above the stator wake at (0.7, 0.22), starting at mid-chord, and the negative layer (associated with a previous blade) can be seen on the bottom left side of the plot, along with parts of the positive vorticity layer at the (bottom left) corner. This phenomenon is most likely caused by some tip leakage flow at the stator blade tip. Although the stator blade is designed to come into contact with the window, the measurements indicate that there is some leakage. This leakage flow reduces the effective flow area at the exit from the stator, compared to the mid-span (see distributions of u, Figure 2a ). This phenomenon occurs only in the three stator blades facing the window (and will be solved by sealing the gap in the future). The other blades of this stator, and all the blades of the 1 st stage stator are banded by an external ring, which is manufactured with the blades as one unit.
To recapitulate, at mid span, the spatial non-uniformities in velocity are associated with wake-blade and wake-wake interactions (Uzol et al. [18] ). In the tip region, there are numerous additional interactions involving the upstream wakes, the rotor blade wake and, most importantly, the tip vortex. The resulting non-uniformities and phase-dependent variations in the flow structure in the tip region are much higher than those at the mid-span. For example, the axial velocities in Figure 2a vary from very low (even negative) values at (0.15, 0.06) and (0.23, 0.23), just above the points of intersection between the tip vortices and the 90% plane, to very high values just below (pitchwise) the tip vortex intersections. The non-uniformities in the lateral velocity are also much higher than at mid-span. Clearly, the largest spatial, phase-dependent variations are associated with the presence of the tip vortex. As the tip vortex is convected towards the stator passage, these phase-averaged non-uniformities sweep through the flow field, creating high phase-dependent velocity fluctuations. Thus, one should expect to find significantly higher levels of deterministic stresses in the tip region, as will be demonstrated in the next section.
Flow in The Hub Region (3% span):
The flow field near the hub region is dominated by interactions between the rotor and stator wakes with the rotating and stationary hub boundary layers (The rotating hub section is located at -0.07<x/Ls<0.2). These interactions are the main causes of the phase-dependent unsteadiness and deterministic axial and lateral velocity fluctuations. Unlike the other spanwise planes, near the hub high lateral velocity is induced both by the blades and by the rotating hub. The levels of phase-averaged velocity nonuniformities appear to be lower than those at mid-span or the tip. Conversely, in most hub regions the turbulence levels are substantially higher than the levels at mid-span (Figure 2e ). The 3% plane has a wide region with elevated turbulent kinetic energy, especially within the rotor passage and the rotor-stator gap. Figure 2f shows that the same domain contains several narrow vorticity layers, some with alternating signs (details follow). Inspection of all the available phase-averaged data reveals that the wide turbulent region is generated mainly within the rotor passages, presumably due to the rotating hub boundary layer (and its interaction with upstream structures), and are then convected through the stator passages while merging with the upstream rotor and stator wakes.
Chopping off and shearing of the 1 st stage stator wakes are also observed near the hub. At t/T=0.0 (Figure 2f .), the rotor blade is approaching the upper stator wake, while it has already sheared the lower stator wake, which intersects with the blade at (0.1, 0.1). Figure 3 , shows an early stage of stator wake shearing. As noted before, at mid span the rotor is also engulfed by the wake of the 1 st stage rotor. In the hub region one finds instead several inclined vorticity layers, some with alternating signs that dominate the rotor-stator gap, extending diagonally from (0.1,0.2) to (0.25,0.04), but the trend seems to repeat itself on the other side of the short rotor-wake segment. Well-founded explanation for the formation of these structures requires analysis that is well beyond the scope of this paper, and would require 3-D measurements. It seems, however, that a major contributor to this phenomenon is the transition from nonrotating to a rotating hub at x/Ls=-0.07, and the subsequent transition to a non-rotating hub at x/Ls=0.2. Such transitions generate a variety of three dimensional flow structures on their own (e.g. Bouda et al., [23] ), as well as stretch and re-align upstream wakes. The negative inclined vorticity layer to the right of the rotor wake (Figures 3 and 2f) exists already at the entrance to the rotating section, and may even be initially part of the 1 st rotor wake. The layer turns slightly upward within the rotor passage, presumably by the rotating boundary layer, and is then turned downward while gaining strength (maybe due to stretching), in part by the rotor blade (Figure 3 ), and in part by the transition to a non-rotating boundary. It is also possible that the increased strength is affected by the hub vortices on the rotor blade. The origin of the inclined structures with positive vorticity is not obvious. They may be a result of interaction of the 1 st stage stator wake segment (on the pressure side) with the combination of a rotating boundary layer and the pressure gradients in the rotor pressure side. Note that the positive inclined streaks are less evident in Figure 3 , shortly after the stator wake is chopped off by the rotor. The lateral velocity (Figure 2b ) peaks at the interface between the negative and positive vorticity layers, and consequently, the relative velocity (Figure 2d ) is minimal at the same location. The turbulent kinetic energy also peaks at this interface, giving it a wake-like structure, which migrates downstream, and overwhelms the rotor wake signature. In fact, the structures seen being advected in the stator passage are originated by this phenomenon, and not by the rotor wakes. Radially inward migration of the upstream stator wakes and secondary flows may also be an important factor. Clearly, analysis/explanation of this phenomenon requires additional extensive efforts.
Unlike mid span, where the rotor wake can be identified for a large distance, even after being deformed by upstream wakes (Chow et al., [19] ), in the hub region, the wake of the upper rotor blade (which is out of the field of view at this phase) becomes much less distinct already at only a short distance downstream of the wake. In Figure 2f , the rotor wake can be Figure 3 attached to the rotor. Breakup of this wake occurs due to non-uniformities in streamwise velocity associated with the 1 st stage stator wake, as discussed (for mid span) by Chow et al. [19] . The streamwise velocity is lower within the stator wakes and higher between them. When the rotor wake is exposed to these non-uniformities, it is sheared. At mid span the shearing generates kink with elevated turbulence levels (hot spots), whereas in the hub region the rotor wake becomes discontinuous, and the presence of other large structures makes is very difficult to identify the broken segments.
The elevated levels of lateral velocity in the rotor-stator gap in the hub region result in relatively high flow angles at the stator inlet. The average stator inlet flow angle at the hub is 47°, whereas it is only about 34° at mid-span (The stator inlet flow angle at the tip is also relatively high, about 47°, due to the effect of the tip vortex). The high inlet flow angle at the hub affects the suction side boundary layer of the stator blade, especially on the downstream side. As is evident from the distributions of axial velocity, velocity magnitude, turbulent kinetic energy and vorticity in Figure 2 , the boundary layer on the downstream side is much thicker, than the corresponding layers in the other planes. Furthermore, expansion of the boundary layer starts much earlier near the hub, at about x/Ls=0.55, compared to x/Ls=0.64 and x/Ls=0.66 at the midspan and the tip, respectively. It is interesting to note that, although the average stator inlet flow angles are about the same at the tip and the hub, the suction side boundary layer starts to get thicker much later at the tip. This difference is most likely related to flows (and associated pressure gradients) induced by the tip vortex. Figure 4 compares the distributions of phaseaveraged velocity magnitude along the suction side of the stator blade, 1% stator chord lengths away from the surface, for the hub, mid-span and tip regions, all at the same phase, t/T=0.7. The substantially higher momentum loss near the hub, especially at x/Ls>0.55, is evident. However, there is no reverse flow along the suction side of the upper stator blade in the 3% plane, namely there is no evidence of flow separation at this plane. Although thickening of the boundary layer occurs on both stator blades that are within the field of view, there are slight differences between them. In fact, weak reverse flow develops along the suction side of the lower stator blade, starting from x/Ls=0.65. Thus, local boundary layer separation occurs on the lower blade, but does not occur on the upper blade at all phases. These circumferential differences are not caused by differences in flow fields. They are a result of using a flat 50x50 mm 2 measurement plane (laser sheet) that is perpendicular to surface of the upper blade (which is located at the center of the window). Consequently, the upper blade is dissected at the 3% plane, whereas the lower blade is dissected at the 15% plane. We suspect that the 3% plane is located closer to the wall, and possibly below the hub vortex, whereas at the 15% plane we dissect the hub vortex, leading to differences in velocity distributions. The radial differences in the points of dissecting the blades exists also in these planes, but their impact is largest near the hub, in part due to the smaller radius of curvature, and in part due to large spanwise variations in flow structure near the hub. The deviations at mid-span and the tip are 10% (50% and 58% on the upper and lower blades, respectively) and 8% (90% and 98%), respectively. Consequently, the lower blade seems to be affected more by the leakage at the tip of the stator blade.
AVERAGE-PASSAGE FLOW FIELDS, TURBULENCE, AND DETERMINISTIC STRESSES
The measured phase averaged flow fields at ten different rotor phases, every 3° of rotor orientation, which cover the entire rotor passage, enable us to calculate the average-passage flow fields and distributions of deterministic stresses. Recall that each of the present phase-averaged flow fields is an ensemble average of 100 instantaneous realizations. Thus, the "average-passage" flow fields presented in this section are obtained by "time averaging" of the "ensemble averaged" parameters. We do not account for passage-to-passage variations. The average-passage velocity, i u % , i=1,2, deterministic stress, i j u u ′′ ′′ , and deterministic kinetic energy, det k , are calculated from
( )
where M is the total number of phase averaged realizations, covering an entire passage, "~" denotes an average-passage quantity and """ represents the deterministic fluctuation, i.e. differences between averaged passage and phase-averaged values. Average-passage values of all the phase-averaged parameters are calculated using the same procedure (Equations 5, 6), including the averaged passage values of the turbulent kinetic energy and Reynolds stresses. For example, k % , the averaged passage turbulent kinetic energy, is calculated by replacing i u % with k % in Equation 5. Since the measurements provide a finite number of phases, the blades do not cover each point at the same frequency, and as a result the average-passage data becomes patchy, especially within the passages. To provide a smooth transition and prevent this patchiness, we have to construct additional interpolated fields every 0.75° of rotor orientation. The process is based on linear interpolation of the experimental data in points that are circumferentially shifted according to their phase, and using weighted averages based on their phase lags. The procedures are discussed in detail in Uzol et al. [18] . In this paper we focus on spanwise variations of the average-passage flow parameters in the stator frame of reference. Uzol et al. [18] presents results at mid span in both the rotor and stator reference frames. Figure 5 shows the distributions of average-passage velocity magnitude, vorticity, turbulent kinetic energy and Reynolds shear stress, as well as the distributions of deterministic kinetic energy and deterministic shear stress. As before, we compare the distributions in the 3%, 50% and 90% spanwise planes. Several observations can readily be made:
Average-passage flow in the tip region: At 90% span, the average-passage vorticity contours (Figure 5b ) reveal two separate, inclined, wake-like vorticity distributions in the rotorstator gap, both of which are marked by arrows. The structure with a steeper angle, about 55°, is associated with the trajectory and advection of the tip vortex. The arrow is aligned with the direction of tip vortex transport. This region is also characterized by a very low axial and high lateral velocity components (not shown), very high average-passage turbulent kinetic energy (Figure 5c ) alternating signs of average-passage Reynolds shear stress that coincide with the regions with alternating vorticity signs (Figures 5e), and extremely high deterministic kinetic energy (Figure 5d ). The wake-like layers of alternating vorticity signs with a shallower angle, about 39°, are associated with advection of the chopped wake segments generated by the 1st stage stator blade. This association was concluded from observations of phase-dependant distributions of vorticity. This wake transport direction also coincides with the low velocity magnitude region in Figure 5a that extends diagonally from (0.15, 0.0) to (0.22, 0.1). As is evident, transport of the stator wake segments and advection of the tip vortex occur along different paths. Hence, they may even be transported through different passages in the stator blade row.
The transport direction of segments of the 1 st stage stator wake at 50% span is also indicated by an arrow in the corresponding vorticity plot in Figure 5b . The advection angle in this plane, 38°, is very close to that at the tip, but the wake occupies a wider region compared to the tip region, as is evident from the wide positive and negative vorticity zones on either side of the arrow. Near the tip the stator wake segments are ingested in part by the tip vortex, reducing the domain directly affected by their advection.
At the hub, the wake transport direction is not as distinct as the clear trajectories at the mid-span or the tip regions. The complex flow structure generated by interaction of wakes with the rotating and stationary boundaries, as discussed before, are responsible for the reduced clarity. These interactions also contribute to the elevated levels of average-passage turbulent kinetic energy in the rotor-stator gap (Figure 5c ). One can still identify regions with predominantly positive and negative vorticity, but the rotor-stator gap does not contain distinct wakelike layers with alternating signs. However, the corresponding distribution of deterministic kinetic energy within the gap (Figure 5d ) still shows a region with elevated levels that extends diagonally from (0.2,0.1) to (0.35,0.2), and continues within the stator passage. The elevated level of k det , is associated with unsteadiness in the transport of the complex near-hub structures demonstrated in Figures 2 and 3 .
Average-passage flow field around the stator: The previously discussed spanwise variation in the thickness of the boundary layer on the suction side of the stator, as well as the resulting effects on the wake thickness and effective exit flow area are clearly evident from the average-passage velocity and vorticity distributions (Figures 5a and b) . Substantial non-uniformities that exist in the average-passage velocity magnitude in the gap extend into the stator passage. They are caused by the complex wake-blade, wake-wake, wake-tip vortex and wake-hub interactions discussed in the previous section (and in Uzol et al,. [18] ). The average-passage velocity fields also reveal that the point of maximum velocity on the suction side of the stator shift downstream as we go from the hub to tip. This trend indicates that the stator blades are more front loaded close to the hub and more aft loaded in the vicinity of the tip.
Distributions of deterministic kinetic energy:
The highest deterministic kinetic energy levels develop immediately downstream of the rotor (except for the rotor passage). The decay process starts within the rotor-stator gap and extends into the stator passages. There are substantial circumferential nonuniformities in the distribution of k det within the gap in any plane, but the most striking variations occur in the tip region. The highest levels of deterministic kinetic energy, and the only ones that exceed the turbulent kinetic energy, occur along the tip vortex and wake trajectories (mostly the tip vortex) in the 90% plane. The origin of these high k det values can be identified in the phase-dependent, spatially non-uniform velocity distributions associated with transport of the tip vortex and its interaction with the wakes that it encounters. Along the tip vortex trajectory, the levels of k det are more than one order of magnitude higher than the levels at the hub and mid-span, and are of the same order of magnitude as the turbulent kinetic energy (Figure 5c ). From mid-span to tip, the turbulent kinetic energy increases by about 5 times, whereas the deterministic kinetic energy increases by more than an order of magnitude. The high levels of k det along the tip-vortex trajectory extend to the entrance and into the stator passage. Even within the passage they are still about 4 times higher than the levels at mid-span and hub regions. Note that within the shown passage, the region with elevated level of k det is an extension of the transport direction of a tip vortex generated by the rotor blade located below the sample area. The deterministic kinetic energy decays within the stator passage. This decay may be a result of a.
b.
c. d.
e. f. vortex breakup due to interaction with other structures, or it can also be caused by the vortex migrating out of the 90% plane, but we cannot provide a substantiated explanation for this trend using the present data. Measurement in neighboring planes, as well as 3-D measurements in an axial plane are needed to track the vortex trajectory. Outside the tip vortex transport direction within the gap and the stator passages, the turbulent kinetic energy levels are still 3-4 times higher than the deterministic kinetic energy. Other Trends of the deterministic kinetic energy: In the rotorstator gap the deterministic kinetic energy levels at mid-span are about 30% higher than the levels at the hub within the gap. This difference can be attributed to the more spatially uniform phaseaveraged velocity distributions in the hub (Figure 2) . A region of elevated deterministic kinetic energy exists also in the hub region, along the edge of the separated region on the suction side of the bottom stator blade. This phenomenon is associated with phase-dependent fluctuations in the boundary of the separated region, caused by transport of structures through the stator passage. Elevated levels can be observed near the trailing edges of the upper stator blade and near wake at mid span. This pattern is associated with modulation of the flow in the aft region by advected rotor and upstream stator wakes (Uzol et al., [18] ).
In contrast to the distributions of k det , the turbulent kinetic energy in the hub region is only 2-3 higher than the corresponding levels at mid-span, especially in the region with complex interaction of wakes with the (fixed and rotating) boundaries. Recall that the rotating section extends to x/Ls=0.2. Within the tip vortex region, the maximum turbulent kinetic energy is about 5 times than the levels at mid-span. Distributions of deterministic shear stresses: The deterministic and (average-passage) turbulent shear stresses have comparable magnitudes, but different structures, in most areas, and in all spanwise locations. The only exceptions are the wakes of the stator blades where the turbulent stresses are much higher, and the tip vortex region, where the deterministic stresses are substantially higher. The trajectory of the tip vortex is characterized by concentrated layers with positive and negative deterministic and Reynolds stresses with opposite signs. However, the deterministic shear stresses are about an order of magnitude higher than the passage-averaged Reynolds stresses. Quantitative demonstration of the differences in magnitudes and trends between Reynolds and deterministic stresses along an arbitrarily selected line in the rotor-stator gap is presented in Figure 6 . Other noted differences include higher turbulent shear stresses in the 3% plane and within the gap region. Conversely, at mid span the levels are close, but they have opposite signs. The negative and positive (deterministic and Reynolds) stress layers in the mid-span gap are associated with transport of the upstream stator wake and its interaction with the rotor wake. In the middle of the stator passage, the deterministic shear stress is higher than the turbulent stress at the tip, but the trend is reversed in the hub and the mid-span planes.
Along the suction side of the stator blade, there is a region with negative deterministic shear stress. This region is much wider at the tip, and it is narrowest at mid-span. As will be shown in the next section, this region is characterized by negative deterministic energy production, i.e. flux of energy from the deterministic kinetic energy to the average-passage kinetic energy. Before concluding, one should note that there are many additional phenomena that can be observed by careful examination of the distributions in Figure 5 . We have only discussed those that have an impact on the dynamics of deterministic stresses.
DECAY RATES OF DETERMINISTIC AND TURBULENT KINETIC ENERGIES
Figures 7a and b show the variations of the normalized deterministic and turbulent kinetic energies along the stator mid-passage at the 3%, 50% and 90% span locations. Since all levels are normalized with their respective inlet values, these distributions actually show the corresponding decay patterns. The x-coordinate starts from x/Ls=0.38, i.e. at the plane of the stator leading edge. The stator trailing edge is located at x/Ls=0.73. Several observations can be made as follows:
The values k det decrease gradually along the stator passage at all spanwise locations. At the exit of the stator blade row, 68%, 80% and 82% of the inlet deterministic kinetic energy is already dissipated at the tip, mid-span and the hub planes, respectively. The decay continues downstream of the stator, and at x/Ls=0.9, the levels are only about only 5.6%, 10% and 12.5% of the respective hub, mid-span and tip inlet values, i.e. there is one order of magnitude decay in all cases. The decay rates vary between planes, most likely due to variations in the local dominant flow phenomena (as discussed before). For example, in the hub region, the decay rate of k det (Figure 7a ) is quite slow until x/Ls=0.5, and only about 30% of it is lost until that point. Just downstream of this point, there is a sudden drop to about 30% at x/Ls=0.54. In the tip region, the values remain flat up to x/Ls=0.52, and then decay at a faster pace. Figure 7b demonstrates that the decay rates of the turbulent kinetic energy are much smaller than those of k det . The decay rate at the tip and mid-span planes are very close to each other, and at the exit from the stage only about 40% of the turbulent kinetic energy is dissipated. At the hub, the turbulent kinetic energy decay rate is even slower, and it is only 20% lower by x/Ls =0.9. This lower decay rate is most likely associated with turbulence production in the hub boundary layer, which feeds turbulent kinetic energy into the 3% plane.
The fast decay of the deterministic kinetic energy within the stator, points to the fact that significant amount of "wake recovery" may occur along stator passage. The term wake recovery refers to reduction in dissipation rate (mixing loss) of a turbulent wake due to reduction in its velocity deficit, caused by straining within the stator passage. This process was first suggested by Smith [24] . Adamczyk [25] showed, using a 2-D perturbation analysis, that the difference in the mixing loss is equal to the change in the flux of deterministic kinetic energy from inlet to the exit. Therefore, when the ratio of the exit to inlet deterministic kinetic energy fluxes is less than one, wake recovery process occurs, and the mixing loss of the upstream wake is reduced. In the present experiments, the ratios of exit to inlet deterministic kinetic energy flux are much less than one at all spanwise locations. Averaging the fluxes of deterministic kinetic energy at the inlet (leading edge) and the exit (trailing edge) of the stator passage, we obtain exit to inlet flux ratios of 29%, 17%, and 28% (i.e. reductions of 71%, 83% and 72%) for the hub, mid-span and tip planes, respectively. These trends are consistent with previous experimental results obtained by Van Zante et al. [26] for NASA Stator37 at peak efficiency and 75% span, in which they reported a 71% reduction in the flux of deterministic kinetic energy.
DETERMINISTIC KINETIC ENERGY BUDGET.
The momentum equations for the deterministic fluctuations, ′ ′ u i , are obtained by subtracting the average-passage RANS equations from the RANS equations. Then, a scalar product of ′ ′ u j with the momentum equation for ′ ′ u i , and time averaging provides the transport equations for the deterministic stresses.
The following deterministic kinetic energy transport equation is obtained as the trace of the equation of deterministic stresses:
As before, "~" (tilde overbar) denotes time-averaging over all phases (average-passage values) and straight overbar denotes ensemble averaging. Double prime, " '' ", refers to deterministic fluctuation and a single prime, " ' " is a turbulent fluctuation. The first three terms on the right hand side are source/sink terms. The first one (including the minus) is a production/dissipation term due to deterministic stresses and will be called "deterministic production (P D )" in the following discussion. This term also appears in the transport equation of the average-passage kinetic energy with a reversed sign, and determines the energy transfer between the phase-averaged and average-passage flow fields. The second term is production/dissipation due to the deterministic fluctuations of turbulent (Reynolds) stresses and will be called "dissipation due to turbulence (D T )". The reason for defining this term as dissipation (instead of production) will become evident in this section. The third term is the viscous dissipation associated with gradients of deterministic velocity fluctuations. The last four terms involve spatial transport of deterministic kinetic energy, but do not participate in production or dissipation.
The present experimental data enable us to determine inplane distributions of all terms on the right hand side of equation 8, except for the pressure-velocity correlation term. Of course, one has to keep in mind that out-of plane (3-D) effects may have a significant impact on the results, especially in the a.
b. Second, as is evident from Figure 8a , there are distinct regions in the flow field with positive and negative deterministic production. Since this term is common to the average-passage and deterministic kinetic energy transport equations (with opposite signs), the results show that energy transfer between the phase-averaged and average-passage flow fields occurs in both direction. Adamczyk [25] showed that the sign of the volume integral of P D determines whether the wake mixing loss is reduced or increased by passing through a blade row. Negative volume-averaged deterministic production indicates reduction in mixing losses (associated with a decrease in deterministic kinetic energy). However, Adamczyk's analysis does not account for the effect of D T on the evolution of the deterministic kinetic energy. Since D T is mostly negative, the deterministic kinetic energy my decrease in spite of the fact that P D is positive.
Third, D T is negative almost everywhere, and its magnitudes are particularly high downstream of the rotor, along the tip vortex trajectory (extending into the rotor-stator gap), and in parts of the wake transport direction at mid span. Hence, we refer to this term as the "dissipation due to turbulence". The loss of deterministic kinetic energy to turbulence should be accounted for, especially in these regions. At mid span, P D is typically larger than D T upstream of the stator passage, starting from x/Ls=0.3, and in the middle of the stator passage.
In the tip region, along the tip vortex transport direction, there are parallel layers with high values of P D with opposite signs. Thus, in part of the tip vortex, energy is transferred from deterministic kinetic energy to average-passage energy. However, adding the first two terms in Equation 8 would still result in negative values, i.e. the deterministic kinetic energy decays over the entire tip region of the rotor-stator gap. One should also keep in mind that the flow in the tip region is highly three dimensional, and the missing out-of-plane terms may have a significant contribution to the overall balance.
Near the hub, in the rotor-stator gap, the deterministic production is predominantly negative, much more than at mid span. This trend is consistent with the higher average-passage velocity magnitude in the same region (Figure 5a) , and the faster decay of deterministic kinetic energy near the hub ( Figure  5d ) compared to mid span.
There is also a wide negative deterministic production region upstream of the leading edge of the stator blade, and a narrower domain along the suction side of the stator boundary layer until about x/Ls=0.45. Further downstream, P D becomes and remains positive through the trailing edge and the stator wake. A similar behavior occurs in the tip region, but the negative region is extended further downstream, ending at about x/Ls=0.5. This phenomenon does not occur at the hub and P D is always positive along the suction side of the stator blade. High positive P D values occupy substantial parts of the rotor-stator gap, especially the regions dominated by wake transport in the mid span and tip regions.
Spatial transport of deterministic kinetic energy due to deterministic fluctuations, term 4 on the right hand side of Equation 8 , and the transport term due to Reynolds stress fluctuations (term 6), are usually of the same order of 3% 50% 90% magnitude as the deterministic production and dissipation due to turbulence terms. Although not presented here, it is observed that term 4 is a dominant production term around the rotor leading edge region. It is about one order of magnitude higher than deterministic production and about 3 to 4 orders of magnitude higher than the other terms. The deterministic production itself is also positive in this region.
Since all the in-plane terms of Equation 8 (including advection by the average-passage velocity on the left-hand side) except the pressure-velocity correlation can be calculated, it is possible to estimate the pressure-velocity correlation term from a balance of the other terms. Since one expects the threedimensional effect to be minimal at mid span, such an estimate is more likely to yield reasonable results at mid span. Thus, we perform the analysis using the mid-span data. Figure 9 compares the deterministic production term to the divergence of the pressure-velocity correlation term along the stator midpassage. As is evident, the pressure-velocity correlation term is much larger than the deterministic production term, especially within the rotor-stator gap and at the entrance of the stator passage. Considerable oscillations along the mid-passage line may be due to lack of statistical convergence and the combination of many terms. However, an overall decreasing trend towards the exit of the stator appears visible in spite of the noise. This trend indicates that substantial deterministic pressure fluctuations occur within the gap, and at the entrance to the stator passage. These fluctuations are attenuated as the flow exits the stator row.
CONCLUSIONS
PIV measurements are performed covering the entire second stage of a two stage axial turbomachine and near the hub and tip regions. Phase averaged flow fields are obtained for 10 different rotor phases, and the results are then used to obtain the average-passage flow fields and distributions of deterministic stresses. The effects of the tip vortex and the hub boundary layer on the phase-averaged and average-passage flow fields, as well as on deterministic stresses are discussed, and the results are compared to the characteristics at mid-span.
The tip vortex is a dominant source of phase-dependent unsteadiness and deterministic stresses near the tip region. The associated turbulent kinetic energy levels as well as the phaseaveraged axial and lateral velocity non-uniformities are substantially higher than those at mid-span. The transport direction of the upstream stator wakes is different than the transport direction of the tip vortex. Along this tip vortex transport direction, the deterministic kinetic energy levels are more than one order of magnitude higher than the levels at the hub and at the mid-span, and are about the same order of magnitude as the turbulent kinetic energy levels. Outside the tip vortex trajectory, the turbulent kinetic energy levels are still 3-4 times higher than the deterministic kinetic energy levels. The deterministic and turbulent shear stress levels are comparable in all spanwise locations, except for the wakes of the stator blades, where the turbulent stresses are much higher. However, along the tip vortex trajectory, the deterministic shear stress levels are about an order of magnitude higher than the turbulent shear stress levels.
The flow field near the hub is dominated by interaction between the rotor and stator wakes with the rotating and stationary hub boundary layers. These interactions are the main causes of the phase-dependent unsteadiness and deterministic axial and lateral velocity fluctuations. However, the levels of these phase-averaged velocity non-uniformities appear to be lower than those at mid-span or the tip. Conversely, in most of the hub region, the turbulence levels are substantially higher than those at mid-span. Also, both at the hub and at mid-span, the turbulent kinetic energy is much higher than the deterministic kinetic energy.
The decay rates of deterministic kinetic energy in the hub and mid-span regions are comparable to each other, whereas at the tip, the decay rate is higher. The decay rates of turbulent kinetic energy are much smaller than those of the deterministic kinetic energy. In the evolution equation for deterministic kinetic energy, the Deterministic Production, and newly introduced Dissipation due to Turbulence terms are found to be the dominant source/sink parameters. There are distinct regions in the flow field with positive and negative deterministic production. Since the deterministic production term is the common term between the average-passage and deterministic kinetic energy transport equations (but with opposite sign), the results show that the energy transfer between the phaseaveraged and average-passage flow fields can be in either direction. The divergence of the Pressure-Velocity correlation term, obtained from a balance of all the other terms, is dominant and appears to be much larger than the deterministic production term. This trend indicates that there are substantial deterministic pressure fluctuations in the flow field, especially within the rotor-stator gap and within the stator passage.
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